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Abstract
The experimental data of the soft processes of
hadron-hadron collisions and hadron-nucleus scattering are
reviewed. Special attention is paid to the KNO scaling. In
hadron-nucleus collisions, the universal KNO scaling at each
impact parameter is proposed to explain the multiplicity
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9Abstract
The experimental data of the soft processes of
hadron-hadron collisions and hadron-nucleus scattering are
reviewed. Special attention is paid to the KNO scaling. In
hadron-nucleus collisions, the universal KNO scaling at each
impact parameter is proposed to explain the multiplicity





Physics is the study ot the structure ot matter and
their mutual interaction. Hadrons and their strong inter-
action is one major part in the physical world. Both
theories and experi.mentai. data are neeced in order to
understand them. The most important tool to investigate
the strong interaction of particles is by scattering. The
object or this thesis is to review some basic experimental
data and theoretical ideas about high energy hadron-nadron
(n-h) collision and hadron-nucleus (h-A) collision. The
rest of this chapter gives a brief review of the main
tools and concepts in scattering theory. Chapter 2 re-
vievis the n-n collision. Chapters 3 to 5 review the h-A
collision wnc re chapter 4 concentrates on the original
work concerning universality in KNO scaling in h-A
collision and chapter 5 reviews the inclusive h-A process.
Chapter 6 will be the conclusion of the thesis.
A typical scattering experiment is as follows. A
target (e.g. hydrogen) is struck by a beam of particles
(e.g. electrons or Drotons). Let Li be the incident flux,
i.e the number of the incident particles crossing per unit




F19.1.1.1 Typlcal scattering experiment.
3propagation, in a frame at rest with respect to the target
(i.e. in the lab frame). What the experimentalist
measures is the number dN of particles scattered per unit
time into the solid angle dL. Obviously dN is directly
proportional to the incident flux and the solid angle
dSZ (Fig. 1.1.1).
dN= F (d(r/dsL) d-ZL
The proportionality constant dcs/dSZ is the received
number per unit solid angle per unit incident flux and has
the dimension of area. It is a convenient parameter
measuring the probability of the particle being scattered.
by the target, and is called the scattering cross section
of particle by the target in the direction, or for short,
the differential cross section.
If there are many types of outgoing particles,
dcr /da can be further subdivided into different
categories. We shall. come back to this later. For the
moment we assume that the scattered particle is the same
as the incident one.
1.2 Total Cross Section
The total number of particles scattered per unit







rFig.1.2.1 Experimental data for p-p scattering
total cross section at high energies.
(Gev)
is the total cross section. The characteristic linear
-13
dimension of a hadron is of the order 10 cm (Hofstadter
and Herman, 1961). For strong interactions, the probabi¬
lity of a collision occur ing once the two hadron overlap
is nearly equal to 1, so the total cross section is easily
estimated to be of the order of 10 cm i.e. 10 mb. (1
-14- a -xl a
barn= 10 cm, 1 mb= 10 cm). The experimental result
for p-p scattering at high energies is about 40 mb. (Fig.
1.2.1).
One of the interesting parameters in describing the
scattering data is the energy of the scattering system.
It has become conventional to use the square of the total
centre of mass energy, denoted by s. It has two
interesting properties: it is a Lorentz invariant;
besides, is related to the energy available for the
production of other particles. The s dependence of c~r is
shown in Fig. 1.2.1. Generally speaking, the energy
dependence is very complicated at low energies, including
resonance peaks. At high energies (above 1 GeV) the curve
of the energy dependence is nearly flat and increases
slowly as (In s).
1.3 Elastic Scattering
A very important type of scattering is elastic
scattering, i.e. scattering during which the quantum
numbers of the scatterer and the target do not change, and
there is no energy tranfer to the internal degrees of




Fig.1.3.1 Kinematics of elastic scattering.
540 GeV the elastic cross section is about 13 rnb
(Battiston et a 1., 1 9 8 2), i.e. about 20% of oT. To put it
in another way, there is a 20% chance that the proton
remains intact after a collision.
In general, an elastic collision may be written as
a+ b a+ b
There are two independent parameters to characterize any
elastic collisionrs and the scattering angles SI=( ,f)
However, it is more conveinent to use a Lorentz invariant
parament t, called the four momentum transfer square, to
replaceSl. If the four momentum before collision are
and Pb and after the collision are Pa and Pb
(Fig.1.3.1), then the four momentum tranfer q is
and we define
In the centre of mass frame, we have
%
where p is the three-momentum in the centre of mass
rcm
frame. Note that in elastic collisions, t 0 because i n
the centre of mass frame, there is momentum tranfer but no
energy transfer, hence q is space -like, t= q2 0. In the
lab frame (b at rest), we have
If I tl is much smaller than is the
kinetic energy in newtonian form, . Hence
where pj is the three momentum of particle b in the lab
frame after the scattering. Thus 1S the magnitude of
the t h r e e-m o m e n t u m tranfer.
By the uncertainty principle, p' x~l, where nx is
the charecteristic linear dimension in the target b m the
scattering. Therefore larger p' probes smaller, so
deeper structures can be seen. In other words, the reso¬
lution is controlled by t and is essentially independent
of s. For this reason, it is convenient to introduce
drdt in place of d f dlt. They have the folio wiong
relation
1.4 Scattering Amplitude





Fl.1.4.1 Scattering wave due to an incident plane wave.
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direction, say along the z axis, is described by a plane
kz
wave: e The scattered particles are described at
ikr
large distances by an outgoing spherical wave f (6,) /r,
as shown in Fig.1.4.1. This holds true in most scattering
situations. The number of scattered particle dN in the 1L
( ,t) direction is
where F is the incident flux. Usually, such a system has
rotational symmetry in so f (8,) is a function of 8
only. After putting dN/ F= da' we have
1.5 Optical Theorem
There is a very important relationship between
T, and the forward scattering amplitude f (Q), that is the
optical theorem, which states:
Some relation between 0 and f (0) is expected because the
forward scattering amplitude f(0) is related to the proba-







byF ig.1.5.1 Geometry of a plane wave scattering
a thin slab
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measures the probability ttiat the particle is scattered.
Since the total probability of finding the particle is 1,
hence knowing f (Q) gives us the information on 0. What
may be unexpected is that only the imaginary part of f (O)
comes in. The reason for this can be understood by
considering the following situation.
Consiaer the attenuation of a plane wave by a thin
slab containing N scattering centres per unit volume as
shown in Fig. 1.5.1. By the principle of superposition,
the total wave at w is the sum of the incident wave
and the scattered wave.




The attenuation of the ainpitude is This is
given in term of 6T as
Comparing with the above, equation, we have
which is the optical tneorem.
The optical theorem is particularly useful in high
energy elastic scattering because in this case, the
scattering amplitude is nearly pure imaginary, so tells
us everything about the forward scattering.
1.6 Relation between and 0T
Together with the optical theorem and the relation
we have
where d= Ref(O)/Imf (0) is small. That is
14
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Fig .2.1.1 Elastic scatterin for p-p at s= 53







we have b=R2, which justifies our dimensional argument. In
general, the geometrical optical model gives us a satis-
factory picture consistant with the experimental data of
elastic scattering at high energies.
Since d/dt is parametrized as
Hence
This gives us an important constraint between and b.
2.2 Energy dependence of b, etc
The energy dependence of 0T(s) in p--p collision is
shown in Fig. 1.2.1 (Giacomelli and Jacob, 1979). The
total cross section OT increases as
In the framework of present theories, cannot rise
faster tnarl (ln s)2 at asympotic energies. That is the so-
called Froissart bound. The experimental data shows that
















Fig .2.2.4 Energy dependence of
for p-p collision
As Fig. 2.2.2 shows oc (s) increases with energy. It
is fitted as (Giacomelli and Jacob, 1979)
up to where s is in
The energy dependence of the slope parameter b(s) is
found to be logarithmic as shown in Fig. 2.2.3. 'It is
usually parametrized as (Giacomelli and Jacob, 1979)
where s is in b is in
At asymptotic energies, the analyticity and crossing
symmetry of the forward scattering ampitude forces to
approach zero. Since 0= 37b and at present energies,
experimental data show that 07 (1 n s)2,, b In s, hence
ot- (In s) which will eventually be larger t h a n 37, and
this is impossible. Therefore we can see that we have not
arrived at the asymptotic energy range yet.
It is interesting to observe the energy dependence of
oig.. The behavior of Ct is shown in Fig. 2.2.4. It
seems that CT- approaches a constant at high energy (Baksay
et a 1. f 1978). However, Yang (1983) claimed that OZc$• still
increases with 07., hence.increases with energy at the
present energy range, as Yang's model predicts. Whether r
is really a constant will be checked by further experiments.
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2.3 Geometrical Model
A geometric model for hadron scattering was proposed
by Chou and Yang (1967). The basic philosophy is that when
two particles with small wavelengths collide at impact
parameter b, the wave function is absorbed by a factor
- (b)
e, where (b) is called the blackness, a measure for
absorption. Therefore the scattered wave for the elastic
case is 1-e. The scattering amplitide is then found to be
which is the so-called the eikonal approximation. Therefore
the differential cross section is written as
In addition, (b) is relates to the matter distribution
inside the particle. In p-p scattering, (k) is written as
KGE (k). where (K) is the 2-dimensional Fourier transform of
(b) and GE(k) is the electric form factor of the proton.
What GE (k) tells us is the cnarge distribution in the proton.
Therefore the blackness is assumed to be simply related to
the charge distribution. The parameter K is to be adjusted
so that the total cross section is equal to the imaginary












Fig.2.4.1 Energy dependence of the topological
cross section (Whitemore, 1974)
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since (b) is assumed to be real.
with the discovery of the increasing total cross
section the parameter K becomes a function of energy K(s).
Such a model provides a good description of the
elastic differtial cross section in the small t region, t
1.2 (GeV/c) (Kac, 1973). It also predicts the existence of
minima and maxima which were found in CERN experiments (Bonm
et al., 1974).
Although geometric model is not the only model in
describing the features of elastic cross section in hadron
scattering, and many of its assumptions are controversial
(Saleem et al., 1981), the geometrical aspects in hadron
scattering are well supported by experiments.
2.4 Multiplicity
In high energy collisions, many particles are
produced. The number of particles produced increases with
energy.
In a bubble chamber or spark chamber, it is easy to
observe the number of charged particles coming out after
the collsion. The number of charged prongs is called the
charge multiplicity, n. The probability for the production
of final states with n charged prongs is called the
topological cross section (Tn. The energy dependence of the
topological cross sections is shown in Fig. 2.4.1. As the
energy increases, for large n rise comparative quickly and






Flg.2.4.2 Energy dependence of average cnarge
multiplicity for p-p collision
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as tine probability tor n particle pro-auction. It is easy




Fiq 2 4.3 Shape of KN0 function.
Koba, Nielsen and Olesen (1972) proposed that in the
high energy limit, s~oo, n Pn is only a function of n n
i.e.
wher e is independent of s
This is what so-called KNO scaling. The factor
ln is inserted such that
Recently experiments at the ISR {s- 53 GeV) and the
p-p collider at CERN (Vs= 540 GeV) seem to support the KNO
scaling. The graph of is shown in Fig. 2.4.3.
(Slattery,1972). The theoretical ground for such scaling is
still unclear and whether such scaling really exists as an
exact statement is still in question. However it is
beneficial to consider pnoton emission cases parallel to the
hadron emission cases. In some photon emission cases (Lam
and Walt.on, 1983), tne photons are emitted independently.
The probability of producing one extra photon is X (E)hE, and
the probaility of producing two or more photons is zero.
Hence the increment of Pn(E), Z}E(E), is due to A (E) P (E)E
and the decrease of P(E) is due to A(E)Pn(E)AE. Therefore
29
With instal condition Pn(0)= ,the solution is the
Poisson distribution, that is
In the high energy limit,<n> oo, the distribution has the
KNO form
but has zero width
Such a behaviour is due to the fact that at large <n>, the
probability of fluctuations with n ^-n is very small.
In hadronic processes, the KNO distribution is much
wider. It is suggested that each gluon emits new gluons.
Thus fluctuations with An 1 at the early stage of the
cascade development will give birth to large n and lead to a
wider KNO fuction (Gribov et al., 1983; Lam and Walton,
1983).
After considering such effect, Lam and Walton (1983)
tried to generalize the stochastic equation of the photon
emission cases for large n as
30
The main difference between. the photon cases and the hadron
cases is that in hadron cases, there is multiplicity n
associated with Pn(E). Hence the physics of cascade
development is put in.
However further experiment is required to verif
whether such scaling really exists as an exact statement.
2.5 Inclusive Processes
Although the many body final states is one major part
of high energy collision, the individual final states are
harder to analyse because it is difficult to determine
experimentally that the final state particles observed in the
detectors are in fact the only particles produced.
Because of the above problem, it has become useful to
concentrate on processes in which a given particle or set of
particles is found to occur in the final state, but nothing
is asked about all the other particles which may also be
present in this final state. Such processes are called







Flg.2.6.1 Kinematics of one article inclusive process.
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2.6. some Kinematic Variable
of One Particle Inclusive Process
eve consider the process shown in Fig. 2.6.1.
There are two frequently used variables. One of these is
the Feynman variable x (Feynman, 1969)
where indicates that the value is taken in the centre of
mass frame and P,. is the maximum momentum that particle
3 can have. Thus the range of x is obviously
The other commonly employed variable is the
rapidity y defined by DeTar (1971).
Then
sine y= PL. /mT cosh y= E /M T
Where m is the trc-anverse mass of particle
so the 3-momentum of particle 3 is
This varlable has the advantage that uder a
longitudinal Lorentz boost by v= c, y is increased by a
constant.
33
so in the non-relativistic limit, B<<1, rapidity is just
velocity. But unlike velocites, rapidities simply add
even relativistically. This means that in different
inertial frames, the final state particle distributions in
rapidity have the same shape, only the origin shifts.
Therefore it is very conveninent to use rapidity to
analyse data.
Unlike Feynman x, the range of rapadity is not
fixed at different energies. In the centre of mass frame
The extreme values are E s/2, P,--± s/2, Hence
The range of y is simply 2ymax= 1n (s/mT2). Therefore
the range of y is linear in in s.
For small transverse momenta in high energy
Processes,


















0 a. 0. 1 .c
F l q. 2. 7. The invariant cross section vs Pf. at
= 0. T S f for OJJLLeJiejil c.n.a.nnels and
energies( fs: 23 to 53 GeV), which
indicate approximate Feynman scaling
and limited transverse momentum.
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where 13 is called the pseudo-rapidity and e3 is the angle
in centre of mass frame.
This representation of y in terms of angle is
convenient for experimentalists who can measure the angle
but not the momentum. For many cases, rapidity and
pseudorapidity are regarded as the same thing.
2.7 The One Particle Inclusive Cross Section
It is well known that the differential cross
3
scetion d T and d P/E are Lorentz invariants so it is
natural to define a Lorentz invariant momentum
distribution
Using Lyeynman variable x
2.7.1 Feynman Scaling and Limiting Fragmentation
Yang (1969) proposed that the emitted particles are
the result of the fragmentation of two original particles
the target fragmentation and the projectile fragmentation.
The probability of producing particle 3 with momentum p
is independent of s for sufficiently high s. This is
called limiting fragmentation. Therefore the inclusive











F1g .2.7.2 EdO/dp vs x for leading article
channel p-x and other channel
p-+-X. Leading particle effect is
well illustrated.
This is called Feynman scaling. Experimenta 1 data show
that at high energies, the scaling roughly holds when the
In s dependence is ignored (Fig.2.7.1) (Bertin et a 1.,
1972; Thome et a 1., 197 9).
2.7.2 Limited Transverse Momentum
All experimental data show a strong exponential
decay of the one particle inclusive cross section in the
transverse momentum (Fig.2.7.1) so f(p, x) is written as
where a is around 4-6 (GeV) (Bertin et al., 1972).
2.7.3 Leading Particle Effect
In large x region of the collision,
there exists a peak relative to
This implies that the incident particle tends to preserve
its inital momentum. Hence there tends to be a particle
in the final state identical to the particle in the inital
state. This is called the leading particle effect. It is
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showing tnat the target fragmentation
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Fi g,2 .8 The invariant cross section for Tf, rr~f
K r K r p and p production vs v
at= 0.4GeVc.' 'V-_
Fig.2.8.2 The inclusive rapidity distribution






Fig,2.8.3 The energy dependence
of the height of the plateau,»—mimaniffin.i H—!»—iiwwwi1 nnin i mtjmmammmwmmmwin i i., ulti.. i...... .n.,,
2.7.4 Factorization
In the target fragmentation region, P t-~' the
inclusive distribution is independent of the projectile
Fig.2.7. 3 (Moffeit et al., 1972). Such a feature implies
that the fragmentation in target fragmentation region is
determined by the target only.
2.8The One Particle Inclusive Spectra
in Rapidity Dis t rlbu 11o n
In high energy collisions, the x= 0 region is
important because x= p J~s is scaled down by Js and every
finite p will end up at x= 0 as s increases. Therefore
it is more convenient to use a variable whose range
increases with s. For this reason and other adventageous
properties, e.g. additivity in Lorentz transformations,
the rapidity is frequently used to present the data. The
invariant cross section vs the rapidity in the lab frame
is shown in Fig. 2.8.1 (Giacomelli and Jacob, 1979).
Since n is equal to J (dn dy) d y. The dn dy
distribution (Thome et al., 1979) is shown in Fig. 2.8.2.
THe average multiplicity n is equal to the area of the
shaded region. Since the range of y increases with In s,
so dndy must increase as In s such that n increases as
(In s). The data (UA5 Collaboration, Alpgard, 1981) is
shown in Fig. 2.8.3. The height of the plateau seems to
increase as In s.
2.9 Two Partlcle Inc1usive Reaction
The studies involve the reaction
The number of independent variables with fixed
energy are only the relative
azimuthal angle is relevent if polarization effect are
not measured. At present, most of the data refer to
charged particles, which are mainly pions.
In studying the two particle inclusive reaction,
the individual physical properties which are being studied
in the one particle inclusive reaction are not the most
interesting. The major role is to study the correlation
between them.
The conservation of energy- momentum automatically
produces some sort of correlations among the particles in
the final state. These kinematic effect have to be
removed before one attempts to study the dynamics of the
process observed.
2.9..1 Rapidity Correlation
The one particle distribution is defined as
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Flo.2.9.1 The normalized two particle
rapidity correlation
45
For two kinds of particles c,, cz, the two particle
correlation function is defined as
The normalized two particle correlation function is
defined as
This definition just ensures R (y, y2,) =O for particles
uncorrelated in y (Appendix A).
As Fig. 2.9.1 shows, R(y,, y2) has a peak at y,= yz
This implies that finding a particle makes it more likely
to find another one in the nearby rapidity range. This is
a typical short range effect.
A simple interpretation of the short range effect
is given in the framework of cluster models which states
that particles are produced in a two step process:
1) production of clusters.
2) decay or the clusters into final state particles.
The typical properties of one cluster are the
following:
1) width in rapidity of cluster decay= 0.67
2) density of cluster= 1/unit rapidity
3) average mass= 1.3 GeV /c
4) average charge= 0.65
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F 1 q. 2. 9. The normalized two particle azimuthal
function for two 'different rapidit v
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Fig.2.9.4 The charge compensation function
2.92 Az lmutha 1 Cor relation
Fig. 2.9.2 shows the normalized azimuthal distribu¬
tion dN d3 for two rapidity intervals where 3E is defined
in Fig. 219 .3. The data show that there are strong asym¬
metries for Ay 1.5 and negligible ones for Ay 3. That
means that the transverse momenta compensate each other.
2 4 9. 3 Charge Correlation
Charge correlation is usually described in terms of
the charge compensation (CERN-Col lege de France-
Heidelberg-Karlsruhe Collaboration, Drijara et al., 1980).
The definition is the following.
If there are opposite charges in y, and yi, 40 will
increase be cause of the increase in or. That
means a large charge compensation. As Fig. 2.9.4 shows,
A a has a maximum when y,= yL,indicating local charge
compensation (CERN-College de France-Heidelberg-Karlsruhe
Collaboration, Drijard et al., 1980).
2.9.5 Correlation of Coccom-Kopylov-Podgoresky
The normalized correlation function R(pj, p2) when
F i g. 2. 9. 5 Normalized 2-particle correlation
function vs ay ana a fi for (a)
o_u.p.Q Site charge• pairs; (b)same
charge oairs.
Fiq.2.9.6 The interference by two sources
P .Lotted a s 1: u n e 1 1 o n o f Ay = j y, - yxj a n d ^ - ( cfr ■ ~ A | s h o w s
s i g n i f i c a n t  d i f f e r e n c e  b e t w e .  n Like c h a r g e ,  ( ,  f ) , ( tC  ) 
a n d u n 1 1 k e c h a r g e , ( Trf , i f  ) , at s m  a I I  a <j> a n cl a y , a s F i <j. 
2.9.5 s h o w s .
for 1 ike cn a r g e j in r 1 1 c 1 e s k (r^  ) s h o w s a ro a x i in u in
w h e n  t h e  a <j> =  ^tj = 0 . T h i s h a s  b e e n i n t e rpr e ted as h o s e -  
Ei ns tern c o n d e n s a t i o n  of tw o  pions s y ste a. (Kopylov, 1 974 ; 
C o c c o m ,  1974).
C o n s i d e r  the p r o d u c t i o n  of tw o  identical pi o n s  w i t h
m o rn e n t a k a n d k , a r i s l n q f r o m t w o s o u r c e s A a n ci B w i t hi I 2*
c o o r d i n a t e s  x ^  a n d  x & , as E i g . 2.9.6 s h o w s .  fr h e p i o n
w a v e  f u n c t i o n  in p l a n e  w a v e  a p p r o x i m a t i o n  are
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In the A = 0 r eg i o n , the imiro: A, P are too c ] ■ .■ e. ■ 
to be distincju i s h e ci. In t h i s c a s e w e n a v e t o a »1 d r n c 
a m p l i t u d e  b e f o r e  s q u a m i g . For hose .■)a r 1 1 c 1 e s , sy m m e t  c i - 
na t i o n  leads to the a m p l i t u d e
A -  tiA  t k  H t i l l  t o
The co r r e spond l ng l n t en s 1 1: v i s
\ k \  —  t x OS l k\  ~ ■&- ) C Va - J
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which is max i in urn at 'k~ a,. t hat is~ 0.
U sual J y f the variables e and ay arc. used, where c
is the component ol a=!)—; in the' d i rect ion of o+ p
and a. 1 s the cot ponent m the ouection perpendicular to
11 T n e c c r r e 1 a 11 o n V l s p i r a m e t r i z e a a s (K o p y 1 ov, 1 9 7 4)
w h e r e |3 i s a n o r m a 1 i 2: e a c o n s t a n t, J, 1 s t n e G e s s 0 1
function of 1 irst o r d e r, a x, z a r e t n e pi e a s u r e s o f t h e
radius and litetime of the pi on source. These values are
e x o e r 1 m e n t a 1 1 v J. 1 t t e el t: o o_• i. 7 1 1. ia a n c i 1. 3 4 t p, c;
r e spectiveiy.
2.9.0 Go rwajw- hackwa r_d I]u 1.11•• licit y Corr e .1 a t: 1011
w e n o w c o n s 1 d e r 1: h e c o r r e .1 a t 1 o a b e t w e e n t a e
it ultip licit y o 1: p a r tic 1 e s e m 1 t: t e o 1 n o n e n e m 1 s p h e r e
cefi n e o w 1 t n r e s 0 e c t t o t h e d 1 r e c t 1 o n o l: t a e u r o j e c t 11 e
a n d t h e Hi u 111•: 11 c 11: y 1 n t n e o a p o a .1 t e i 1 e ru 1 s th e r e. '1 n 1 s 1 s
call ed t h e r o r w a r o~ b a c k w a r o a; u 1 11 0 i 1 c 11 y c o r r e i a 11 o n. Le t
11 g be the multiplicity 1 n the o a c K w a r a hemisphere ana 1
b e t i c; n l i 11 1 f• i .1 c 1 t y 111 the 1 o r vv a r a he• it 1. s p h c:• t: e.
A s 1' 1 9. 2. 9• s 11 o w s( U i: C tj .1 J a D» .1 p 9 o r o e t a 1„ t
1983), rv ior a 9 1 ven, n F) e x 1i1 b 1 t:; 1 an a ppr ox 1 ma te 1 y
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Fi9.2.9.9 Energy dependence of b: (a) short-
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Fig.2o9.10 Variance of z vs n.
is till' in e n j; u i; o on c o r r o Let] on b o t w (1 o n 11 a i j d n. in
c a s e s t n a t par t; 1 c J e s 1 a 11 in t h o J n t e r v a 1 o!
pseudor ap id i ty(| I 1 (the short range case), a= 1.2, b=
0.52. In the Ion g r a n g e c a s e, i. e- only t: n e p a r 11 c 1 e s in
the interv a 1 1) 4| 4 a r e c o n s i d e r e d, a= 5.5, to= (1.42.
Wroblewski (Koch, 1983) observed a linear rise of to
wit h In s as d l s p 1 a y e d i n b i g. 2.9.8. In big. 2.9.9, the
short range ana Iong r a ng e corr e J. a t ions a r e co ni pa r ed a s a
function or s. Tn e short r a n ge c o rr e1 a t ion is aire ady
substantial at Low energies, and increases onlv slightly
with s. 0 n the o t la e r hand, t: h e 1 o n g r a n cj e corr e 1 a tion is
neg 11 g a b 1 e a t I o w ener g l e s a nci r e a c he s a 1 m os t t ne s t r e n g t n
o 1 s liort r a n g e correl a t: i o n a t p p c o L 1 i cl e r ener g les s=
5 4 0 G e V.
Recently, Cnou ana Yang (1984) discovered that the
data is w e 11 f .11 ted a s (b l g. 2.9.1 u)
T n e p r o b a b i 1 l tv d i s t r l to u t i o n b( n, z) i s i) r o p o s e d
B S
where B is the normalization factor. L(nn) is the KM0
scaling function, C is the number of combinations of b
objects chosen in a objects, i.e.
The physical picture is that many low multiplicity
(= 2) clusters are emitted at random along the rapidity
plateau and each cluster fragments into two charged
particles. The positive charges, about n2 in number, are
distributed in the forward and backward sides in a
binomial distribution Cm, where m is the number of
positive charges on the forward side. The total charge is
assumed to be neutral on each side (local charge
compensation), so that n r= 2 m and z= nr- n= 4 m- n,' F f'
i.e.
which yields (219.6.1) and (2.9.6.2). If both sides of






F'zq• 2• to. 1 Parton cascades
Acording to K N 0 seal i n g, oL=] n 0 a s E 00 so
t h a t: t h e p o[ u 1 a 1.1 o 11 b e co.n e a ,-j 11 a 1 o w ban d in t h e a- np
olane.tfrn
2. 1t P a r: t o n b o ci e J. in i a (j r o n- n a i 1: o n C o i. J. ig-1 1 o r 1
An n r o 00 s en bv E e vim a 11, a ha d r o n 1 a co ;i foseci oii.. A j. 1'-
p a r tides c a i i e c p a r t o r 1 s. T la.• 1 r 1 c: on 1 r 1 g n a d t o 1 j 1 s i 1 k e a
box oi: 1 r•: t. pa r. ton smi] ra the monu: n Uia oi the h a ciro n.
T h e in() iieiir. u ill el:;; a r I n e 1 i n, w lie- r p in 1: lie
ir. omentu it ol licitroin 1 1 p i Ck-Vc, w»i trie r: con J 1 1 t a
wee oar ton. In analogy to or an se t to nl ung, particJ.es. re
generate a in a ci x x ai,a.n oution so tine snail x region
contains large a 11 d neatly 0 qua 1 nucbcrs of particles and
a n 11 p a r 11 c 1 e s. 1 n o t n •r w o r a s m n r 1 y .0 a c 1.1 c 1 e s ill. 1 1 n t h e
central rea ion in nip nil iv space w 1 tn net' ouantum numbers.y l.. i i .j
equiil to zero; and fur ther that the low x region is
q e n e r a t e a 1 r o a. I- 1 g 1 a .1; m o e 11 t a re y a .1 e r 1 e n o I c a s c a 0 a sj .j
( E 1 g. 2 .1 D. 1).
i'ey nnian sir u-cj tit. it ;-'o 1 ton:; 1 n i; ract c n 1 y 1 i: 1 1
r e 1 a t; 1 v e 4- m o m e r 11 u a 1 s n o t t o c i c j t: a, a -a c a u s e;- 11 t i i 1 1
r el at 1 ve ir.otie 111u it. 1 s too 1 a 1 g e f t ae c v; 1 i. 1 lie ve no 11 ait tu
1 n t e r a c t. I n r a p 1 d 1 t y 1. a n g u a g, a 1: t o 11 1 a n o p a r t o 1; I:
interact on J. y 1 f| y,- y x| 1. T li t:• r 1. o r•.• t n e 1 n t; e r a ctioi:
in r a p 1 d 11 y s p a c e 1:» s: 1 o i; t tan g c c..
A s rn op) s ec 1 u y Y a 11g( Ecy n m... ti, 1 d Y 2) r 1. n na c. r o r,
c o 111 s 1 o n s( p a r 11 c 1 e s n a v 1 ia. 1. 111111ai o n_• n t a. 1 n t i 1 e ce n t r e
or mass frame is 1 nci 1 s 11 ng n 1 s halt 1. e ,c; tan 1 ng target or b 0:0:1












Fig,2.10.2 Illustration of particle poduction
in partem model.




Fig.2.10 3 Difference between Ycang and Feynman
in existence of plateau.
v e l o c i t y  v n o t  t o o  c l o s e  t o  c I e a v e t h e cl i s t r i b u 1 1 o n o f  
such p a r t i c l e  s u n c h a n g ed . T he r e i s a u m v e  r s a 1 p 1 a t ea u , 
a s  F i g . 2 . 1  0 . 2  s h o w s .
In t h e  hi  u h one r a y  L i in i t t o r a s c: a t t: e r i n g A + B , 
t he r ap i d 1 1 y r a nge be t w een A a nd p. i s so ]. a r qe t ha t  t her  e 
i s  no i n t e r  a c t i o n  b e t w een t h e m . T h e r l q h t  m o v e r s d e p e n ci 
o n l y  on A wh i 1 e t he i e f: t mo ve  r s cl epenci  on 1 y on B. I t i s 
a l s o  c a l l e d  1 i m i t: i n q i: r a q m e n t a t i o n b y B e n e c k e e t 
a 1 . (1 9 6 9 ) . H o w e v e r  a t  t h a t 1 1 rn e i t w a s s u p p o s e d t h a t  
t h e s e  r e g i o n s  a r e  s e p a r a t e  and no c e n t r a l  p l a t e a u  e x i s t s .  
The d i f  f e r e n  c e be t  w e en t h e p i c t u r e s o f  Y a ri q a n d P e y n m a n i s 
shown in  P l g . 2 .1 (/). 3 .
P a r t o  n s a r e s o in e t i m e s i. ci e n t i 1 i e ci as o u a r k s  a n d 
g l u o n s  p a r  t l c i p a  t i n  g i n i n t o r a c t  i o  n o f o u a n t u m 
c h r o m o d y n a m i c s  (Q C D) . A hadro  n i s t h o u g h t o f  a s la e l n q 
composed o f  v a l a n c e  quark which c a r r y  i t s  quantum number , 
and o f  a n e u t r a l  s e a o 1 q J. u o ns an d n u a r k - a n t  i q u a r k p a i r s 
c o r r e s p o n d i n g  to the wee par t o m e  Jt i s  ca.J 1 ed the  quark-  
par ton model .
B e c a u s e  o f  a s y m p t o t  i c t r e e d o rn in 0 C n (Cr o s s a n ci 
W l 1 c z e k , 1 9 7 3; P o 1 i t: z e r , 1 9 7 3 ) , 1 a r q e m o rn e n turn t r a n s f  e r 
pnenomenen,  p 1 > 1 GeV/c can be c a 1 c 1i 1 a t e d p e r t: u r b a 1 1 v e 1 y 
and c o m p a r e d  w i t h  t h e  d a t a .  H o w e v e r  , p ro  c es  s e s w hx c h 
i n v o l v e  l a r g e  mo me n  t  u m t  r a n  t  e r s ha  v e  v e r y  s m a 1 1 a  r o s s 
s e c t i o n  a n a  h a d r o n  p r o d u e t i o n  i s  c omp 1 e t e J  v dom i na tecl  by 
s m a l l  p± e v e n t s .  Suc h  s o f t  p r o c e s s  i n  o n . )  r eem i r e  a non- 
p e r t u r b a t i v e  a p p r o a c h  w h i c h  i s  s t i l l  1 a c  k l n  y1 - I t  i i a s n o t
been possible so far to use it to explain the bulk of the
expermental data in hadron-hadron collision.
C h a pter__3
Hadron- n u c ]. e u s S c a 1.1 e r i n g
3.1 Introduction
After a quick look at hadron-hadron interaction s,
we now come to hadron-nucleus (h-A) collisions.
A nucleus consists of loosely bound protons and
neutrons, so to a certain extent, we may regard hadron-
nucleus collisions as hadron colliding with a collection
of independent protons and neutrons.
At high energies, details of the nuclear structure
can be largely ignored because the wavelength of the
incident particle is much smaller than the nuclear radii
and the energy is much higher than the excitation energy
between the energy levels of the nucleus, which have
characteristic magnitudes in MeVs, thousands of times
smaller than the relevant energy range of several GeV.
With structural details ignored, the nucleus can then be
regarded as nucleons distributed with a density which
%extends to the nuclear size R = R A , R =1.2 f m . There- 
fore the study of high energy h-A collisions provides 
insight into the dynamics of h a d r o n-nucleon (h-N) c o111 - 
sions, especially in short-time hadronic production and 
space-time evolution of hadronic process.
Let -p be a charecter istic time of a pp collision 
in the centre of mass frame. In the target rest frame,
-  6 7 -
Fid.3.1.1 Intranuclear cascade.——-— i
it is dilated to T=[ (E2m), where E is the incident
energy in the centre of mass frame. If E is sufficiently
large,X will exceed the nuclear mean free path A where A=
j7 where= (4tt R,, 3) is the mean nucleon density( no.
of nucleon s per unit volume) and (T is the total cross
section. Thus A= 2 f m. For c I X, the particle will
undergo a second collision etc before it is finally
detected (Fig. 3.1.1). In such processes cascade effect
will be observed. For c t X, the particle will not
undergo a second collision so there is lack of cascade.
Hence hadron-nucleus collisions yield information that
cannot be inferred directly from h-h collisions. Hadron-
nucleus collisions are good analysers in hadronic space-
time evolution, which was pointed out by Gottfried (1974).
Like h- h collisions, the important experimental
data are the cross sections and the multiplicity distribu¬
tion. These will be discussed in more detail in the
following sections.
The A dependence and the energy dependence of cross
sections in high energy collisions are in argeement with
geometric ideas, as expressed by say the Glauber model
(Glauber, 1959).
On the other hand, the A dependence of the
multiplicity is surprisingly weak. It is interpreted as
the lack of cascading in h-A collisions and is often said
to show that nadrons are formed outside the nucleus. Hwa
(1981) estimated the radiation length for fast quarks in







Fig. 3.2.1 The A dependence of the total cross
section in n-A collision around
E:30-300 GeV
the length of the interaction is of the order of 1000 f m
at 100 GeV. In other words, there is very little chance
of a second interaction in the nucleus.
Another interesting question is whether t h e
multiplicity distribution obeys KNO scaling. Recent
experiments at the ISR and the pp collider at CERN have
shown the approximate validity of KNO scaling in h N
scattering up to centre of mass energy s= 540 GeV. This
arouses the theoretical interest in whether h-A collision
have such scaling.
Recently, some studies on inclusive particle
production in h-A collision show that the inclusive cross
sections in A-dependence is difficult to interpret in the
context of current models. All those questions will be
discussed below.
3.2 Hadron-nucleus Cross Section
3.2.1 Total Cross Section
Some data on total cross section are shown in Fig.
3.2.1. The A dependence and the energy dependence are
both interesting. For A dependence, the total cross sec¬
tions are often parametrized as (T= JT A, 0~o need not be the
h-p total cross section, i.e. the parametrlzation does not
hold for A= 1. As Fig. 3.2.1 (Busza, 19 77) shows, in h-A«»
collision around energy 30-3 0 0 GeV, (Jl= 5 U m b, or= 0.77.




Fig. 3.2.2 Shadowlna afr_cts the A aeo en: ence of
cross section: (aj aosenc` of
snadowing gives ac= 1 (i) maximum
shaaowing gives oC= 2/3.
shadowing in h~ A collision, with 1 in the absence of
shadowing and oL 23 for maximum shadowing. In the
i
absence of shadowing, the cross section is proportional to
the number of nucleons, so it is proportional to A. For
maximum shadowing, the cross section is proportional to
the area of the nucleus hence to A. This is shown in
Fig. 3.2.2. Another interesting feature is the energy
dependence of the total cross section. At high energies,
the total cross section only increases slightly with
energy. Compared to the case of hN scattering, the energy
dependence is very weak. Such weakness may be explained
as follows. As the energy increases, (T increases, then
T0 increases. However cx decreases because of the
id
increase of the shadowing due to the larger r. These
two effect.: the increase of f0 and the decrease of would
compensate each other and hence weaken the energy
dependence of cross sections.
3.2.2 Absorption Cross Section
Another interesting cross section is the probabili¬
ty of absorption of the incident particle. For elastic
scattering, only the momentum of the incident particle
changes so there is no absorption. Usually the absorption
cross section is identified as the inelastic cross
section. That is
3.2.3 Elastic Differential Cross Section
Hadron-nucleus collisions have similar structure as
F l q. 3. 2. 3 Differencia 1 cross section for 1 GeV
P A scarcer i n g. T h e r n e o r e c t: i c a 1
ca 1 aulatiorJ :narcn tae clata in tne salee
1 me. •
h-h collisions. In Fig. 3.2.3 the differential cross
section of elastic h-A scattering is shown; it behaves
like a diffraction pattern. The wave property of the
incident particle diffract into the shadow region of the
nuclei hence the diffraction pattern is formed.
3.2.1+ The Geometric Mooel
The mam experimental features of the cross section
can be well explained by geometric ideas like the Glauber
model (Glauber, 1959). One adopts the eikonal approxima¬
tion for the scattering ampitude
At high energies, the incident particle goes
through the nucleus in such a short time that it is a very
good approximation to assume that the nucleons do not
rearrange themselves until the incident particle has left,
the so-called frozen approximation. In addition, if the
nucleons of the target do not overlap, then the total
eikonal is the sum of the individual contributions of
nucleons 51= ill so the eikonalS can be expressed in
l-1
terms of hadron-nucleon phase shifts. This is called the
dynamical approximation. Such theories are frequently
applied to calculate the cross section of n-A collisions
a
and have shown great success. The comparsion of






F l q. 3. 2. 4 Absorption cross section for p-A'»'—.--...... ~n- I.,.,1.|
collision average over the range 20-
6 0 GeV. T n e solid line represents









Fig.3,3.1 Energy dependence of R for various target.
3.2.3 and 3.2.4 (Alkhazov et a 1., 1975; Busza, 1977).
3.3 The Multiparticle Production
3.3.1 Average Multiplicity
The average multiplicity in hadron-nucleus
scattering is usually reported in terms of the ratio
VA
where n is the average multiplicity in hA scattering,
in which usually only the shower particles( 0.7) are
counted. The reason is following: only the particles
produced in the collision are interesting. The evaporated
or tne knock-out nucleons which are usually quite slow
must be ruled out.
The energy dependence of R is shown in Fig. 3.3.1
for various targets (Ellas et a 1., 1980). At E 10 0 GeV,
it seems to be independent of energy. That means that the
energy factor can be factonzed out and written as
Other kinds of definition of R are discussed in Appendix B.
The A dependence of R is also interesting. It is
well established that R increases slowly with A (Fig.
3.2.2). That means little intra-nu clear cascading is
ooserved. That indicates tn-at the distance of particle
formation is rather long compared with nuclear radius.
This give us some information about the space-time
evolution of hadronic process.
3.3.2 Number of Collisions i n h- A Collision
Another usual parameter in describing the data is
the average number of inelastic collisions of the incident
hadron in the nucleus, which is the ratio of the number of
hN inelastic collisions over the total number of inelastic
events in hA collisions. The total number of inelastic
events is proportional to the inelastic hA cross section.
kN
The number of hN collisions is proportional to, the
nucleus thickness and the area facing the projectile beam.
The nucleus thickness is proportional to A whereas the
area is proportional to A. Hence
is usually defined. The proportional constant is found by
setting y'= 1 when A= 1. In the limit of abscence of
shadowing, would approach a constant. In the limit
%
of severe shadowing, it would increase as A, which is
the strongest possible A dependence.
In recent years, it seems to have become possible to
assign a value of y to each event, which measures how many
times the incident hadron interacts with the target
nucleus. In other words, y is related to the nuclear






Fig. 3.3.2 dependence of R for h-A with
different projectile and energies.
81
is paid to v then to A because the information about
v gives us a more detail knowlege than A only. Besides,
it seems more natural to ask what is the multiplicity in
collision because of the universality of nuclear matter.
Since the distribution of nuclear matter in nuclei belongs
to different physics, it is not so natural to connect the
mass of nuclei with the multiplicity directly.
Recently, Chao et al. (1983) presented the data in a
more detailed way. They plot R vs v rather than A. The
value of V is determined in two different ways.
1) For fix target A, V= 'i6 is taken.
2) For Cu and Pb, the number of grey tracks' NI is
measured. There are various empirical and semi-empirical
ways to relate the observed number N to the number of
struck nucleons, e.g. (Hegab and Hufner, 1981)
where Nq is the observed number of grey particles of a
particular event and NA is the average over all events
for the particular target nucleus.
The result, shown in Fig. 3.3.2. shows that R vs
V falls on the same straight line, independent of energy,
in agreement with the absence of cascades. Besides.,
various ways to define v are consistent. They all fall
on the same straight line an.d justify the introducing of
). C h a o e t a 1. (1 9 3 3) parametrized R as
with R= 1 when])= 1. in principle,, p may depend on the
projectile; however it seems to be a universal constant
according to experiment (Chao et ah, 1983) (Fig. 3. 3 B 2) a
3-3.3 Angular and Rapidity Dependence
The angular dependence of R is also interesting.
The interesting feature is the Increase of R occurs
entirely at large angles. That is, no multiplication is
seen in the forward direction (Busza, 19 7 5), It is
because the particles are deflected by some angle in every
collision so the forward particles are absorbed and
redistributed to larger angles. We can also put it into
the pseudo-rapidity language. As in h-h colls ion, the
pseudo-rapid i ty is defined as
Small angles correspond to large J, A ratio r is defined
as
The information of r gives us the structure of R infir
pseudo-rapidity space. The pseudo-rapidlty dependence of







Fig.3.3.3 Rapidity deoendence of r at 200 GeV for h-Em.
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the increase of 1 i.e. with the decrease of angle For
=3.1, at large angles, the ratio of mulr_iplicity is
about 10, hence large multiplicity is observed. At small
angles, r is smaller than 1 so the fast forward particles
are absorbed. The detail explanation of such feature is
still unclear.
Some other interesting parameters are discussed by
Chao et al., (1983). They are put ink Appendix C.
Chapter 4
The Multiplicity Distribution in h-A Collision
4.1 Introduction
It has been known for a long time that the
multiplicity distribution for h-h collision seem to obey
KNO scaling. That is the function
is independent of energy and is only a function of varia¬
ble n n in the high energy limit, where is the
topological cross section of producing n particles and n
is inserted so that(£) is normalized. It is
4
claimed that KNO scaling seems also valid in e e
scattering (Beger et. a 1., 1980) and in lepton-nucleon
collisions (Zieminska et. al., 1983). Recent experiments
at ISR and pp collider at CERN seem to support KNO scaling
up to s= 540 GeV. Therefore it is natural to see
whether such scaling holds for a nuclear target, and
whether such scaling is universal across nuclei.
Recently high statistic data in multiplicity
distribution in h~A collisions have been presented (De
Mar zo, 19 W- Since only the produced particles due to the
collision are interesting, the evaporated and the knock¬
out nucleons must be eliminated. Those particles are
mainly with the momentum below 600 MeVc. The particles
with momentum larger than 600 MeVc are treated as
produced particles. Most of them are pions. Produced
Fig.4.2.1 Geometric picture
for o-A collision.' 111 i
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particles with larger than 0.7 are called the shower
particles. In the following only the shower particles are
concerned. The experimental data show that the universal
KNO scaling over the nuclei breaks down. For larger
nuclei the peak of the scaling functionshifts to the
smaller values of n/n the normalized dispersion and
skewness increase. As proposed by Kiang et. al. (1983), if
the multiplicity distribution in h-N collision obey
universal KNO scaling at each impact parameter, then the
above properties can be explained in this model, which is
sketched below.
4.2 Formalism
At high energies, the wavelength of the projectile
is much smaller than the nuclear radii and the beam
fragments are confined within a narrow forward cone
because of the limitation on transverse momenta. Hence it
is reasonable to say that the collision occurs at a
specific impact parameter b, Fig.4.2.1. What the
experiments measure is the average contribution due to
different impact parameters. This is the so-called
geometric picture. For each b, the nuclear thickness t(b)
is
where the nuclear density is taken to be of Woods-Saxon
form for A 12.
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in unit of tin, and normal isced to
The probability of an elastic reaction is 1-exp(- G- t(b))
ON
where is the inelastic h-N cross section. By
frozen approximation, the target is taken to be a tube of
hadronic matter of area dzb,(the rest of the nucleus are
spectators), and the inelastic cross section is
The total inelastic cross section is then
This formula fits for A 12 to a few percent.
It is an experimental fact that the average
multiplicity n increases linear with the number of
inelastic collisions.
where n (E) is the hadron-nucleon multiplicity at
incident energy E and 0.5 (Chlu et al, 1982). The
factor describes the degree of intranuclear cascading





Fig 4.2.2 Absorption of incident flux by nuclear
target with tnlc.cness t.
leads to higher secondary multiplicity.
i
Theoretically, one can define the number of
collisions in every impact parameter b. Different b
gives different nuclear thickness t for the projectile to
go through and different multiplicity produced. Let us
consider the projectile goes through a thickness. The
inelastic cross section is assumed to be constant during
the whole journey. It is reasonble to say that the number
of collision is proportional to r t, however when the
incident flux goes through the nuclear matter, it will be
- G t
absorbed. The out-going flux is e (Fig.4.2.2). The
~rt
number of scattered particles per time per area is 1-e.,
hence the average k for f l x2 thickness is
Such expression for has following good properties:
which is the usually accepted definition of iJ.
3) is 1 for and ktr t for large t
4) equation 4.2.1 leads to
The general features of the results really depend
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only on these properties, and are insensitive to the
detailed assumptions on v.
Having found the average multiplicity n (b,E) at
each impact parameter b and energy E, the average
multiplicity of the whole nucleus can be calculated. In
analogy with hadron-hadron scattering, one expects
n (b,E) to have KNO scaling. Besides, the homogeneity of
nuclear matter implies that a tube is characterized only
by its thickness t(b), and no information on A is needed
(Fig.4.2.1), so the KNO function for each tube is expected
to be universal across nuclei. This hypothesis of
universal KNO scaling at each impact parameter is the
basis of the mocael.
With these assumptions, the n-prong cross section
on a nucleus A at incident energy E is
C4).3
To determine note that for A= 1, v(b)= 1 for all b,
and n(b,E)_ nN (E) is independent of b. Hence it
gives
so is recognized as the KNO function for hadron-nucleus
scattering. If the hadron is a proton then is
parametrized by Slattery (1972):
The philosophy is t. o regard h-h scattering as
elementary, and build up h-A scattering via (4.2.3).
It is convenient to rewrite (4.2.3) in terms of
scaling variables:
where










0 1 2 3
Flg.4.3.1 The calaulated `4'4 for U 235' at 300
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Fig.4.3.3 A dependence of
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The energy independence of for small A has been
put n by hand it therefore remains to study the case of
large A. Fig. 4.3.1 shows the calculated 7n for uranium at
30 GeV and 300 GeV they are for all purposes identical.
Thus scaling is approximately valid for nuclear targets.
The explanation is as follow. Although n increases
with energy rather rapidly (4.5 to 8.2 respectively, a
change of over 80% from 30 GeV to 300 GeV), the KNO
hN
scaling eliminated the dependence on n leaving only.the
dependence through 0(E), including the implicit dependence
through q. However, the increase of 0(E) is quite slow
(a change of 9% in the same energy range). Moreover, much
of this energy dependence cancels, since in (4.2.5), 1-
exp(-t) occurs both in the numerator and the denominator,
while in (4.2.6) both p(b) and),, increase with E in
similar ways. This prediction of approximate scaling
agrees with experiment (De Marzo, 1982).
4.3.2 Universality
It is clear that 4q( ,E) will depend on A, so
universal KNO scaling does not hold. Fig.4.3.2 shows 4p,
comparing with together with experimental data where
available. (Some early low-statistics emulsion
experiments (Florian, 1979), whose conclusions seem to be
at variance with the more recent data, (De Marzo et
al.,1980) have been excluded). It is seen that the theory
predicts a shift of the peak of towards smaller





Fiq.4.4.1 A dependence of R
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Fig. 4.3.3.
It is not suprising that universality breaks down.
Since the multiplicity distribution is the average of each
impact parameter, so the distribution depends on the
distribution of the nuclear matter, which is determined by
entirely different physics, so there is no reason to
expect it to conspire with the high energy dynamics to
give a universal scaling curve. Hence it is more natural
to assume universality at each impact parameter than
universality for whole nucleus, and indeed the former is
supported by the data.
4.4 Moments
In order to discuss the deviation from
universality, it is common to consider the A dependence of
the moments: the average multiplicity of shower particles
n ,dispersion D and the skewness S, defined as
where A indicates average with respect to all
inelastic events on nucleus A.
In order to concentrate on the A dependence, the
hA tiN
multiplicity ratio R= n/ n, is shown in Fig.
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Fig.4.4.2 A dependence of normalized dispersion
and sketivnessf
The smallness of Y both expresses the absence of
internuclear cascades and provides good evidence against
geometric scaling for nuclei- According to geometric
scaling, all dynamics are controlled by a single length
1 XA 2
scale b (A, E). But 07n(E) A T,(E) R A (In E) at high
energies, so if all the A and E dependence enters only
through b, every factor of (In E) must be accompanied by
a factor A. Since n goes as (In E) ,so geometric
scaling would predict that n R A, a dependence which is
far too strong.
As the same reason of introducing R, the dispersion
and skewness are best expressed m the normalized form
which are, given the approximate scaling, energy
independent. The calculated A dependence of these
quantities are shown in Fig. 4.4.2. The gentle increase
with A agrees with experiment (De Marzo et al., 1982).
4.5 Conclusion
From the above discussion, tne universal KNO
scaling at each impact parameter seems to be in agreement
with the data. The origin of KNO scaling in h-h collisons
is still unclear. However, the universality would relate
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the particle production in h-A collision to h-h collision,












Flg.5.1.1(a) x dependence of invariant cross section
for leadlnq,-oartlcle cnannel.
10.2
Fig.5,1.1(b) x dependence oL invariant cross section» -
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Chapter 5~ .
Inclusive Process in h-A Collision
5.1 Single Particle Inclusive Production
Similar to h-h collisions, the differential cross
sections defined as Ed m d3p is used. In h-A collision,
it is usually parametrized as r0 A. The following
dependence is interesting.
5.1.1 Peynman-x dependence
As Fig 5.1.1 shows, there is a rather flat cross
section with a peak near x= 1 for the leading particle
channel.
The leading particle effect is observed. For larger
nuclei, the peak is flattened, i.e. the leading particle
effect is reduced for larger A. The other cnannels, with
the out-going particle different from the incoming one,
show a decrease in cross section with increaseing x.
5.1.2 Feynman Scaling and Factorization
After comparing the data with Eicnten et al. (1973)
at 24 GeV, Barton et al. (1983) pointed out that the
limiting fragmentation does not hold and the fragmentation
of the projectile does depend on the target. Therefore






Fig.5.1.2 x dependence of for aA collision.
5.1.3 Tine A Dependence
3
The A dependence of Edcrd p is expressed by
exponent. After reviewing data on the inclusive
production of TV1, p1, p, p, K°, A, A, n and E in p-A
collision at 0.3 GeVc transverse momentum with energies
span from 24 to 400 GeV, Barton el at. (1983) claimed
t h a t OA only depends on Feynman x and the type of incidence
particle, but is independent of the energy and the type of
out-going particle (Fig. 5.1,2). The exponent de¬
creases with the increase of x from about 0.7 at x= 0 .1 to
0.45 at x=0.9. If the inclusive differental cross section
is integrated over x, then suming up all channels, it will
essentially equal the inelastic cross section, hence the
A-dependence behaves as in the inelastic cross section.
Let oL be defined as Th= f, then is the weighted
average o f cx- (x) over x, so y(x) lies between 1 and 0. At
small x, the cross section is mainly due to the target
fragmentation, hence it strongly depends on the property
of the target, so (x) is larger. At larger x, the cross
section is mainly due to the projectile fragmentation so
the A-depence is weak. The average of cF is about 23.
However, the universality of is difficult to explain in
current models. Whether the presentation of the data is
completely valid is also challenged (Hwa, 1984).
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Fig.5.2.1 (a) R (y,y) at 200 and 400 GeV for o-Em.
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Extensive studies of correlations in h-- h
collision started around 1975 mainly in the second
generation experiments at the ISR. An important result of
the studies was the existence of clusters-in the rapidity
space. By 1979, various types of correlations were
available, e.qq. charge correlation, angle correlation
etc.. However in h-A collisions, less data is presented
in the study of the two particle correlation. In the
following, two correlations will be discussed.
5.2.1 Rapidity Correlation
The two particle correlation function R is written
as
where NT, N1 (y) and N2(y1,y2) denote the number of events
in a sample, the number of particle with rapidity y and
the number of particle pairs with raplditles y, and y2.
The rapidity is measured in the c.m frame of proton-
nucleon system.
The data of R(y, y) and R(y, -y) are shown in Fig.
5.2.1, at 200 and 400 GeV for proton-emulsion collisions
(Ag(jarwal, 1984). The data show the following features:
1) In the forward hemisphere (y O), the
correlation R(y, y) is weak compared to tne backward
hemisphere (y 0). That is, in the proton fragmentation
region (y 0), it is rare to obtain two or more particles






-3.2 -1.6 0 1.6 3.2
y













F1g.5.2.3 nF vs ng.Both the short range and
long ranee are snows.
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h-N collisions. However, in the target fragmentation
region (y 0), R(y1,y2), is large. It is completely
different with respect to p-N collisions. Since in h-A
scattering the producea particles accumulate along the
target fragmentation region, it is more likely to find two
or more particles with same rapidity,. The detail
explanation is still lacking.
2) The correlation R (y, -y) is maximum for y = 0.4
and drops sharply for large lyl. This shows the existence
of short range positive correlation in the central region.
3) R seems to be energy independent.
5.2.2 The Forward-backward Correlation
From Fig.5.2.3, which shows nE versus nB, a
strong correlation is seen. However, after eliminating
the short range effect by cutting the central rapidity
region by 2.25 y 3.75, the correlation almost
disappears. This result indicates the presence of strong
short range correlations in central region and only very
weak long range correlations between the two fragmentation
region.
C h a d 10 r 6_. ir...
Discussions and Conclusions
In this thesis, some interesting features of soft
processes in h-n scattering and in h-A scattering at high
energies are aiscussed. The energy dependence of the
usual parameters, e.g. cross sections, average
multiplicity etc., are rattier weak. They are usually
fitted as polynomials in In s, so it is said tnat they are
In s physics.
In h-A collsions, a formalism, based on tne
universal KNO scaling at each parameter, is proposed to
explain tne multiplicity distribution. It seems to be in
agreement with data. Recently, violation of KNO scaling
a t Js= 54U GeV is confirmed (UA5 Collao., Alner et a 1.,
1984). However, this discovery does not affect the
results in chapter 4 because in chapter 4 the energy
concerned (E, t= 200 GeV, 0s= 20 GeV) is within tne range of
energy ln which the KNO scaling holds.
So far, however, there is no rigorous arid
fundamental formalism to link up all the experimental
data. The standard perturbation method cannot be applied
to soft process in QC D. Phenopenological analysis is
still the main tool in this realm. Although different
moGels based on different pnysics claim to fit data, a
unified and consistent model is still lacking.
what happens when the nadrons collide still has a
lot or proclems for us to solve.
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Appenalx A
Showing R=O When the Particles Produced Incependenly
When c, c2 then
as other authors usually define. If c, and ca are
produced independently
then
Wnen c,= cZ, n= n= n, then some combinatoric
factors come into consideration. If the particles are
produced independently in y space,
Summing all the cases together we have
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a has ri choices and b
ln



















Flcy.b.1 Energy dependence of different R.
Apoendix B
Some otner definition of R
Since n contains interactions with target
k P
protons and neutrons whereas n (E) is the average
multiplicity for interaction with protons only. Therefore
an average multiplicity of hadron-nucleon multiplicity
should be used. A better ratio R' defined as
is suggested. The energy dependence of R' is shown in
Fig.b.l.(a) (Aggarwal et a .1., 1977). It seems to be energy
independent too.
Kumar (1978) nas defined another R as
where and are the average number of leading
particles in nadron-nucleus and hadron-proton reaction
respectively. The values of a are 0.7 and 0 for p-Em
and it- Em collision (Kumer et al.,1978) and the values of
h are 0.9 and 1.2 for p-p and ti -p collisions (Buras et
a 1., 1 9 7 3). The ratio RK is observerd to be energy
independent beyond 50 GeV (Kaur et a 1., 1 973), as
F lg.b.1(b). snows.
After all, the difference between the ratios are
negilible and they seem to be energy independent.
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Appendix C
Some Other Parameters in h-A Collision
Some other interesting parameters are discussed by
Chao (1983).
1. The variance of multiplicity
where PA is the probability distribution for an event with
n shower particles.
2. The mean of rapid i ty
3. The varience of rapidity
The experimental data seem to suggest the following
functional dependence.
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